MULTI-STAGE MULTI-PLANE COMBUSTION METHOD FOR A GAS 

TURBINE ENGINE 



BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] This invention relates to the general field of combustion systems and 

more particularly to a multi-stage, multi-plane, low emissions combustion 
system for a small gas turbine engine. 

Related Art 

[0002] In a small gas turbine engine, inlet air is continuously compressed, 

mixed with fuel in an inflammable proportion, and then contacted with an 
ignition source to ignite the mixture which will then continue to bum. The 
heat energy thus released then flows in the combustion gases to a turbine 
where it is converted to rotary energy for driving equipment such as an 
electrical generator. The combustion gases are then exhausted to atmosphere 
after giving up some of their remaining heat to the incoming air provided from 
the compressor. 

[0003] Quantities of air greatly in excess of stoichiometric amounts are 

normally compressed and utilized to keep the combustor liner cool and dilute 
the combustor exhaust gases so as to avoid damage to the turbine nozzle and 
blades. Generally, primary sections of the combustor are operated near 
stoichiometric conditions which produce combustor gas temperatures up to 
approximately four thousand (4,000) degrees Fahrenheit. Further along the 
combustor, secondary air is admitted which raises the air- fuel ratio (AFR) and 
lowers the gas temperatures so that the gases exiting the combustor are in the 
range of two thousand (2,000) degrees Fahrenheit. 

[0004] It is well established that NOx formation is thermodynamically favored 

at high temperatures. Since the NOx formation reaction is so highly 
temperature dependent, decreasing the peak combustion temperature can 
provide an effective means of reducing NOx emissions from gas turbine 
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engines as can limiting the residence time of the combustion products in the 
combustion zone. Operating the combustion process in a very lean condition 
(i.e., high excess air) is one of the simplest ways of achieving lower 
temperatures and hence lower NOx emissions. Very lean ignition and 
combustion, however, inevitably result in incomplete combustion and the 
attendant emissions which result therefrom. In addition, combustion processes 
are difficult to sustain at these extremely lean operating conditions. Further, it 
is difficult in a small gas turbine engine to achieve low emissions over the 
entire operating range of the turbine. 
[0005] Significant improvements in low emissions combustion systems have 

been achieved, for example, as described in U.S. Pat. No. 5,850,732 issued 
Dec. 22, 1998 and entitled "Low Emissions Combustion System" assigned to 
the same assignee as this application and incorporated herein by reference. 
With even greater combustor loading and the need to keep emissions low over 
the entire operating range of the combustor system, the inherent limitations of 
a single-stage, single-plane, combustion system become more evident. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides a multi-stage multi-plane combustion 

system and method for a gas turbine engine. In an embodiment, the low 
emissions combustion system of the present invention includes a generally 
annular combustor formed from a cylindrical outer liner and a tapered inner 
liner together with a combustor dome. A plurality of tangential fuel injectors 
introduces a fuel/air mixture at the combustor dome end of the annular 
combustion chamber in two spaced injector planes. Each of the injector 
planes includes multiple injectors delivering premixed fuel and air into the 
annular combustor. A generally skirt-shaped flow control baffle extends from 
the tapered inner liner into the annular combustion chamber. A plurality of air 
dilution holes in the tapered inner liner underneath the flow control baffle 
introduce dilution air into the annular combustion chamber. In addition, a 
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plurality of air dilution holes in the cylindrical outer liner introduces more 
dilution air downstream from the flow control baffle. 

[0007] The fuel injectors extend through the recuperator housing and into the 

combustor through an angled tube which extends between the outer 
recuperator wall and the inner recuperator wall and then through the 
cylindrical outer liner of the combustor housing into the interior of the annular 
combustion chamber. The fuel injectors generally comprise an elongated 
injector tube with the outer end including a coupler having at least one fuel 
inlet tube. Compressed combustion air is provided to the interior of the 
elongated injector tube from openings therein which receive compressed air 
from the angled tube around the fuel injector which is open to the space 
between the recuperator housing and the combustor. 

[0008] In an embodiment, the low emissions combustion method for a gas 

turbine engine according to the present invention include providing a first 
plurality of tangential fuel injectors around the closed end of an annular 
combustor to deliver premixed fuel and air in a first axial plane, providing a 
second plurality of tangential fuel injectors around the closed end of an 
annular combustor to deliver premixed fuel and air in a second axial plane 
downstream of the first axial plane, and igniting the first plurality of tangential 
fuel injectors for an operating mode from idle to low power. One or more of 
the second plurality of tangential fuel injectors are ignited with the hot 
combustion gases from the ignited first plurality of tangential fuel injectors to 
meet greater power requirements. In an embodiment, the first and second 
planes are spaced to permit the hot combustion gases from the first plurality of 
tangential fuel injectors to substantially fully disperse before reaching the 
second plane. 

[0009] The present invention allows low emissions and stable performance to 

be achieved over the entire operating range of the gas turbine engine. This has 
previously only been obtainable in large, extremely complicated, combustion 
systems. This system is significantly less complicated than other systems 
currently in use. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0010] Having thus described the present invention in general terms, reference 

will now be made to the accompanying drawings in which: 

[0011] FIG. 1 is a perspective view, partially cut away, of a turbogenerator 

utilizing the multi-stage, multi-plane, combustion system of the present 
invention, 

[0012] FIG. 2 is a sectional view of a combustor housing for the multi-stage, 

multi-plane, combustion system of the present invention; 
[0013] FIG. 3 is a cross-sectional view of the combustor housing of FIG. 2, 

including the recuperator, taken along line 3-3 of FIG. 2; 
[0014] FIG. 4 is a cross-sectional view of the combustor housing of FIG. 2, 

including the recuperator, taken along line 4-4 of FIG. 2; 
[0015] FIG. 5 is a partial sectional view of the combustor housing of FIG. 2, 

including the recuperator, illustrating the relative positions of two planes of 

the multi-stage, multi-plane, combustion system of the present invention; 
[0016] FIG. 6 is an enlarged sectional view of a fuel injector for use in the 

multi-stage, multi-plane, combustion system of the present invention; and 
[0017] FIG. 7 is a table illustrating the four stages or modes of combustion 

system operation. 

DETAILED DESCRIPTION OF THE INVENTION 

[0018] The turbogenerator 12 utilizing the low emissions combustion system 

of the present invention is illustrated in FIG. 1. The turbogenerator 12 
generally comprises a permanent magnet generator 20, a power head 21, a 
combustor 22 and a recuperator (or heat exchanger) 23. 

[0019] The permanent magnet generator 20 includes a permanent magnet 

rotor or sleeve 26, having a permanent magnet disposed therein, rotatably 
supported within a stator 27 by a pair of spaced journal bearings. Radial stator 
cooling fins 28 are enclosed in an outer cylindrical sleeve 29 to form an 
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annular air flow passage which cools the stator 27 and thereby preheats the air 
passing through on its way to the power head 21. 

[0020] The power head 21 of the turbogenerator 12 includes compressor 30, 

turbine 31, and bearing rotor 32 through which the tie rod 33 to the permanent 
magnet rotor 26 passes. The compressor 30, having compressor impeller or 
wheel 34 which receives preheated air from the annular air flow passage in 
cylindrical sleeve 29 around the stator 27, is driven by the turbine 31 having 
turbine wheel 35 which receives heated exhaust gases from the combustor 22 
supplied with preheated air from recuperator 23. The compressor wheel 34 
and turbine wheel 35 are supported on a bearing shaft or rotor 32 having a 
radially extending bearing rotor thrust disk 36. The bearing rotor 32 is 
rotatably supported by a single journal bearing within the center bearing 
housing 37 while the bearing rotor thrust disk 36 at the compressor end of the 
bearing rotor 32 is rotatably supported by a bilateral thrust bearing. 

[0021] Intake air is drawn through the permanent magnet generator 20 by the 

compressor 30 which increases the pressure of the air and forces it into the 
recuperator 23. The recuperator 23 includes an annular housing 40 having a 
heat transfer section 41, an exhaust gas dome 42 and a combustor dome 43. 
Exhaust heat from the turbine 3 1 is used to preheat the air before it enters the 
combustor 22 where the preheated air is mixed with fuel and burned. The 
combustion gases are then expanded in the turbine 31 which drives the 
compressor 30 and the permanent magnet rotor 26 of the permanent magnet 
generator 20 which is mounted on the same shaft as the turbine 31. The 
expanded turbine exhaust gases are then passed through the recuperator 23 
before being discharged from the turbogenerator 12. 

[0022] The combustor housing 39 of the combustor 22 is illustrated in FIGS. 

2-5, and generally comprises a cylindrical outer liner 44 and a tapered inner 
liner 46 which, together with the combustor dome 43, form a generally 
expanding annular combustion housing or chamber 39 from the combustor 
dome 43 to the turbine 31. A plurality of fuel injectors 50 extend through the 
recuperator 23 from a boss 49, through an angled tube 58 between the outer 
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recuperator wall 57 and the inner recuperator wall 59. The fuel injectors 50 
then extend from the cylindrical outer liner 44 of the combustor housing 39 
into the interior of the annular combustor housing 39 to tangentially introduce 
a fuel/air mixture generally at the combustor dome 43 end of the annular 
combustion housing 39 along the two fuel injector planes or axes 3 and 4. The 
combustion dome 43 is generally rounded out to permit the flow field from the 
fuel injectors 50 to fully develop and also to reduce structural stress loads in 
the combustor. 

[0023] A flow control baffle 48 extends from the tapered inner liner 46 into 

the annular combustion housing 39. The baffle 48, which would be generally 
skirt-shaped, would extend between one-third and one-half of the distance 
between the tapered inner liner 46 and the cylindrical outer liner 44. Two (2) 
rows each of a plurality of spaced offset air dilution holes 53 and 54 in the 
tapered inner liner 46 underneath the flow control baffle 48 introduce dilution 
air into the annular combustion housing 39. The rows of air dilution holes 53 
and 54 may be the same size or air dilution holes 53 can be smaller than air 
dilution holes 54. 

[0024] In addition, a row of a plurality of spaced air dilution holes 51 in the 

cylindrical outer liner 44, introduces more dilution air downstream from the 
flow control baffle 48. If needed, a second row of a plurality of spaced air 
dilution holes may be offset downstream from the first row of air dilution 
holes 5 1 . 

[0025] The low emissions combustor system of the present invention can 

operate on gaseous fuels, such as natural gas, propane, etc., liquid fuels such 
as gasoline, diesel oil, etc., or can be designed to accommodate either gaseous 
or liquid fuels. Examples of fuel injectors for operation on a single fuel or for 
operation on either a gaseous fuel and/or a liquid fuel are described in U.S. 
Pat. No. 5,850,732. 

[0026] Fuel can be provided individually to each fuel injector 50, or, as shown 

in FIG. 1, a fuel manifold 15 can be used to supply fuel to all of the fuel 
injectors in plane 3 or in plane 4 or even to all of the fuel injectors in both 
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planes 3 and 4. The fuel manifold 15 may include a fuel inlet 16 to receive 
fuel from a fuel source (not shown). Flow control valves 17 can be provided 
in each of the fuel lines from the manifold 15 to each of the fuel injectors 50. 
The flow control valves 17 can be individually controlled to an on/off position 
(to separately use any combination of fuel injectors individually) or they can 
be modulated together. Alternately, the flow control valves 17 can be opened 
by fuel pressure or their operation can be controlled or augmented with a 
solenoid. 

[0027] As best shown in FIG. 3, fuel injector plane 3 includes two 

diametrically opposed fuel injectors 50a and 50b. Fuel injector 50a may 
generally deliver premixed fuel and air near the top of the combustor housing 
39 while fuel injector 50b may generally deliver premixed fuel and air near the 
bottom of the combustor housing 39. The two plane 3 fuel injectors 50a and 
50b are separated by approximately one hundred eighty degrees. Both fuel 
injectors 50a and 50b extend though the recuperator 23 in an angled tube 58a, 
58b from recuperator boss 49a, 49b, respectively. The fuel injectors 50a and 
50b are angled from the radial an angle "x" to generally deliver fuel and air to 
the area midway between the outer housing wall 44 and the inner housing wall 
46 of the combustor housing 39. This angle "x" would normally be between 
twenty and twenty-five degrees but can be from fifteen to thirty degrees from 
the radial. Fuel injector plane 3 would also include an ignitor cap 60 to 
position an ignitor 61 within the combustor housing 39 generally between fuel 
injector 50a and 50b. At this point, the ignitor 61 would be at the delivery 
point of fuel injector 50a, that is the point in the combustor housing between 
the outer housing wall 44 and the inner housing wall 46 where the fuel injector 
50a delivers premixed fuel and air. 

[0028] FIG. 4 illustrates fuel injector plane 4 which includes four equally 

spaced fuel injectors 50c, 50d, 50e, and 5 Of. These fuel injectors 50c, 50d, 
50e, and 50f may generally be positioned to deliver premixed fuel and air at 
forty-five degrees, one hundred thirty-five degrees, two hundred twenty-five 
degrees, and three hundred thirty-five degrees from a zero vertical reference. 
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These fuel injectors would also be angled from the radial the same as the fuel 
injectors in plane 3. 

[0029] FIG. 5 illustrates the positional relationship of the fuel injector plane 3 

fuel injectors 50a and 50b with respect to the fuel injector plane 4 fuel 
injectors 50c, 50d, 50e, and 50f. The ignitor 61 is positioned in fuel injector 
plane 3 with respect to fuel injector 50a to provide ignition of the premixed 
fuel and air delivered to the combustor housing 39 by fuel injector 50a. Once 
fuel injector 50a is lit or ignited, the hot combustion gases from fuel injector 
50a can be utilized to ignite the premixed fuel and air from fuel injector 50b. 

[0030] FIG. 6 illustrates a fuel injector 50 capable of use in the low emissions 

combustion system of the present invention. The fuel injector flange 55 is 
attached to the boss 49 on the outer recuperator wall 57 and extends through 
an angled tube 58, between the outer recuperator wall 57 and inner recuperator 
wall 59. The fuel injector 50 then extends into the cylindrical outer liner 44 of 
the combustor housing 39 and into the interior of the annular combustor 
housing 39 

[0031] The fuel injectors 50 generally comprise an injector tube 71 having an 

inlet end and a discharge end. The inlet end of the injector tube 71 includes a 
coupler 72 having a fuel inlet bore 74 which provides fuel to interior of the 
injector tube 71. The fuel is distributed within the injector tube 71 by a 
centering ring 75 having a plurality of spaced openings 76 to permit the 
passage of fuel. These openings 76 serve to provide a good distribution of 
fuel within the injector tube 71 . 

[0032] The space between the angled tube 58 and the outer injector tube 71 is 

open to the space between the inner recuperator wall 59 and the cylindrical 
outer liner 44 of the combustor housing 39. Heated compressed air from the 
recuperator 23 is supplied to the space between the inner recuperator wall 59 
and the cylindrical outer liner 44 of the combustor housing 39 and is thus 
available to the interior of the angled tube 58. 

[0033] A plurality of openings 77 in the injector tube 71 downstream of the 

centering ring 75 provide compressed air from the angled tube 58 to the fuel in 
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the injector tube 71 downstream of the centering ring 75. These openings 77 
receive the compressed air from the angled tube 58 which receives 
compressed air from the space between the inner recuperator wall 59 and the 
cylindrical outer liner 44 of the combustor housing 39. The downstream face 
of the centering ring 75 can be sloped to help direct the compressed air 
entering the injector tube 71 in a downstream direction. The air and fuel are 
premixed in the injector tube 71 downstream of the centering ring and bums at 
the exit of the injector tube 71 . 

[0034] Various modes of combustion system operation are shown in tabular 

form in FIG. 7. The percentage of operating power and the percentage of 
maximum fuel-to-air ratio (FAR) is provided for operation with different 
numbers of fuel injectors. 

[0035] Fuel injectors 50a and 50b in fuel injector plane 3 are utilized for 

system operation generally between idle and five percent of power. Either or 
both of fuel injector 50a or 50b can operate in a pilot mode or in a premix 
mode supplying premixed fuel and air to the combustor housing 39. Most 
importantly, elimination of pilot operation significantly reduces NOx levels at 
these low power operating conditions. 

[0036] As power levels increase, the fuel injectors 50c, 50d, 50e, and 50f in 

fuel injector plane 4 are turned on. Fuel injector plane 4 would generally be 
approximately two fuel injector diameters axially downstream from fuel 
injector plane 3, something on the order of four to five centimeters. The hot 
combustion gases from fuel injectors 50a and 50b in fuel injector plane 3 will 
be expanding and decreasing in velocity as they move axially downstream in 
combustor housing 39. These hot combustion gases can be utilized to ignite 
fuel injectors 50c, 50d, 50e, and 5 Of in fuel injector plane 4 as additional 
power is required. 

[0037] For power required between five percent and forty-four percent, any 

one of fuel injectors 50c, 50d, 50e, or 50f can be ignited, bringing the total of 
lit fuel injectors to three, two in plane 3 and one in plane 4. A fourth fuel 
injector is ignited for power requirements between forty-four percent and 
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sixty- seven percent and this fuel injector would normally be opposed to the 
third fuel injector lit. In other words, if fuel injector 50c is lit as the third fuel 
injector, then fuel injector 50e would be lit as the fourth fuel injector. For 
power requirements between sixty-seven percent up to one hundred percent, 
one or both of the remaining two fuel injectors in plane 4 are lit. As power 
requirements decrease, fuel injectors can be turned off in much the same 
sequence as they were turned on. 

[0038] Alternately, once the fuel injectors 50a and 50b in plane 3 have been 

used to start up the system and ignite the fuel injectors 50c, 50d, 50e, or 50f in 
plane 4, one or both of the fuel injectors 50a and 50b in plane 3 may be turned 
off, leaving only the fuel injectors 50c, 50d, 50e,or 50f in plane 4 ignited. 

[00391 In this maimer, low emissions can be achieved over the entire 

operating range of the combustion system. In addition, greater combustion 
stability is provided over wider operating conditions. With the jets from the 
fuel injectors in plane 3 well dispersed before they reach fuel injection plane 4, 
a good overall pattern factor is achieved which helps the stability of the flames 
from the fuel injectors in plane 4. This also enables the four fuel injectors in 
fuel injector plane 4 to be equally spaced circumferentially, shifted 
approximately forty five degree from the fuel injectors in plane 3 to allow for 
greater space between the fuel injector pass throughs. 

[0040] Adequate residence time is provided in the primary combustion zone to 

complete combustion before entering the secondary combustion zone. This 
leads to low CO and THC emissions particularly at low power operation 
where only the fuel injectors in plane 3 are ignited. The length of the 
secondary combustion zone is sufficient to improve high power emissions, 
mid-power stability and pattern factor. The residence time around the first 
injector plane, plane 3, can be significantly greater than the residence time 
around the second injector plane, plane 4. 

[0041] As the hot combustion gases exit the primary combustion zone, they 

are mixed with dilution air from the inner liner and later from the outer liner to 
obtain the desired turbine inlet temperature. This will be done in such a way 
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to make the hot gases exiting the combustor have a generally uniform pattern 
factor. 

[0042] It should be recognized that while the detailed description has been 

specifically directed to a first plane 3 of two fuel injectors and a second plane 
4 of four fuel injectors, the combustion system and method may utilize 
different numbers of fuel injectors in the first and second planes. For 
example, the first plane 3 may include three or four fuel injectors and the 
second plane 4 may include two or three injectors. Further, regardless of the 
number of fuel injectors in the first and second planes, a pilot flame may be 
utilized in the first plane 3 and mechanical stabilization, such as flame holders, 
can be utilized in the fuel injectors of the second plane 4. 

[0043] Thus, specific embodiments of the invention have been illustrated and 

described, it is to be understood that these are provided by way of example 
only and that the invention is not to be construed as being limited thereto but 
only by the proper scope of the following claims. 
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